Comparative transcriptomic analyses of Zymoseptoria tritici strains show complex lifestyle transitions and intraspecific variability in transcription profiles. SUMMARY Zymoseptoria tritici causes Septoria tritici blotch (STB) on wheat.
INTRODUCTION
Septoria tritici blotch (STB) caused by Zymoseptoria tritici (formerly Mycosphaerella graminicola) is a major disease on wheat (O'Driscoll et al., 2014) . As a consequence of frequent sexual reproduction, large population sizes and significant gene flow among populations, Z. tritici field populations are phenotypically and genetically highly diverse globally (Zhan et al., 2003 (Zhan et al., , 2005 . Host resistance and pathogen virulence are mostly quantitative (Brown et al., 2015; Stewart and McDonald, 2014; Zhan et al., 2007) . In Europe, approximately 70% of all fungicide applications in wheat production are targeted at the control of STB . Resistance to several classes of fungicides has emerged rapidly in European and North American populations (Brunner et al., 2008; Cools and Fraaije, 2013; Estep et al., 2015; Torriani et al., 2009) and major gene resistance has failed quickly (Cowger et al., 2000) , illustrating the high evolutionary potential of this pathogen.
The progression of Z. tritici infection on wheat is complex (O'Driscoll et al., 2014; Rudd et al., 2015) . Germinating conidia and ascospores produce hyphae that penetrate stomata to initiate the infection of leaves (Kema et al., 1996) . The fungus grows initially in the apoplast without penetrating host cells. Visible disease symptoms develop after a prolonged latent period, which is called biotrophic (Kema et al., 2000) , although little evidence has been found for biotrophy (Sanchez-Vallet et al., 2015) . Despite the prolonged absence of visible symptoms, the fungus is probably suppressing host defence mechanisms during the latent phase (Hammond-Kosack and Rudd, 2008; Rudd et al., 2015) , including the secretion of LysM effectors that prevent chitin recognition (Lee et al., 2014; Marshall et al., 2011) .
After the latent phase, the fungus switches to a necrotrophic phase initiated by unknown triggers. The death of host cells strongly resembles programmed cell death (Keon et al., 2007) . Soon after the onset of necrosis, the pathogen produces pycnidia containing asexual spores in substomatal cavities. Later stages of infection are characterized by a prolonged period of saprotrophic growth during which the pathogen feeds on the dead host tissue and produces sexual fruiting bodies, called pseudothecia. The saprotrophic phase makes important contributions to STB epidemiology through the production of wind-dispersed ascospores that infect neighbouring fields, as well as enabling the survival of the pathogen between growing seasons.
Recent transcriptomic and metabolomic studies have provided significant insights into the complex interaction between wheat and Z. tritici during the infection process (Kellner et al., 2014; Rudd et al., 2015) . Rudd et al. (2015) have shown that the fungus probably benefits from increased production of fructan and other plant carbohydrates during the onset of necrotrophy. This stage is also characterized by a strong up-regulation of plant defence genes, coinciding with the activation of pathogen genes encoding secondary metabolism and small secreted proteins. Although small secreted effector proteins have been shown to play a major role in the suppression of defence responses in other plant-pathogen interactions, the targeted disruption of genes encoding small secreted proteins specifically up-regulated at the onset of the necrotrophic phase in Z. tritici does not affect disease progression (Mirzadi Gohari et al., 2015; Poppe et al., 2015; Rudd et al., 2015) .
The significant genetic and phenotypic diversity found among natural Z. tritici isolates suggests that focusing on a single interaction between one isolate and one wheat cultivar will provide an incomplete understanding of the infection process. To better understand conserved and variable elements of the infection process, we compared the transcriptomes of a highly virulent Swiss strain of Z. tritici and the IPO323 genome reference isolate during different phases of the infection cycle. Previous studies on the comparative transcriptomics of fungal plant pathogen infections have been restricted to the host transcriptome of different rice cultivars in response to Magnaporthae oryzae (Bagnaresi et al., 2012) and the comparison of transcriptomes of related fungal species of Colletotrichum (O'Connell et al., 2012) . We characterized different phases of the infection process and life cycle, including previously uncharacterized late stages of saprotrophic growth. We describe the transcription profiles of gene categories relevant for virulence, including secreted hydrolytic enzymes and peroxidases, at the different stages of the fungal infection cycle. We also present the first transcriptional profile of the genes involved in sexual reproduction. Finally, we performed comparative transcriptomics analyses between the previously published infection transcriptome of IPO323 (Rudd et al., 2015) and the Swiss strain 3D7. We identified putatively conserved and variable elements of the transcriptomic remodelling to obtain potential genes implicated in the differences in the virulence profiles of these strains.
RESULTS AND DISCUSSION

Time course fungal transcriptomic analyses of wheat leaf infection
We investigated the infection cycle transcriptome of the Swiss Z. tritici isolate 3D7, which was collected from a Swiss wheat field in 1999 and was found to be highly virulent on several wheat cultivars (Zhan et al., 2002 (Zhan et al., , 2005 . Early stages of the infection were symptomless up to approximately 7 days post-infection (dpi). The first signs of necrosis were observed at 9 dpi and, by 14 dpi, the leaves were entirely covered by lesions ( Fig. 1A) . The late stages of saprotrophic growth, which included the presence of pycnidiospores on the leaves, were monitored until 56 dpi.
We analysed two distinct collections of infected plant material over the time course of the infection cycle. The first collection comprised six time points, including 3, 7, 11, 14, 21 and 56 dpi, and aimed to identify temporal patterns in the transcriptomic remodelling of the fungus during a complete infection cycle ('Time course' collection; Fig. 1B) . A second collection at 7, 13 and 56 dpi utilized three independent biological replicates and covered the biotrophic, necrotrophic and saprotrophic stages of infection ('Replicated dataset' collection; Fig. 1B ). For the time course experiment, we collected a total of 650.3 million reads (Table 1 ). The percentage of reads mapped to the fungal genome increased dramatically over the course of the infection, beginning at 0.8% and finishing at 74.2% (Fig. 1B) . The increase in the proportion of pathogen transcripts relative to host transcripts correlated with an increase in fungal biomass in the leaves (Rudd et al., 2015) . The appearance of the first necrotic lesions at 11 dpi was accompanied by a strong increase in aligned reads to the fungal genome, consistent with a rapid increase in fungal biomass in the plant tissue ( Fig. 1B) . For the replicated dataset experiment, we collected a total of 895 million reads, 1.1-75.4% of which were of fungal origin (Fig. 1B) .
The genome of the Z. tritici reference isolate IPO323 comprises 10 933 annotated gene models (Goodwin et al., 2011) . However, whole-genome resequencing of the Swiss strain 3D7 showed that only 10 428 (95.4%) of the gene models were found in the genome . The majority of the missing gene models in 3D7 are explained by the fact that the Swiss isolate lacks four accessory chromosomes found in IPO323 . By combining transcriptomics data over all infection time points, we found evidence for 9457 gene models (90.7% of the predicted 3D7 transcriptome).
Clustering of transcription profiles using self-organizing maps (SOMs) reveals distinct phases of wheat infection
We investigated the transcriptomic remodelling over the time course of an infection (Fig. 1A ). For this, we first categorized all gene transcription profiles over the six time points into a matrix of 64 SOM cells. Second, we grouped the 64 SOM cells using robust k-means clustering. We identified seven distinct expression clusters grouping genes that were up-regulated at specific stages of the infection (total n 5 8875 genes, 93.8% of all transcribed genes; Fig. 1C ). We used the replicated dataset that comprised three replicates for each of the collections at 7, 13 and 56 dpi to (Rudd et al., 2015) . Two RNAseq datasets were generated: a six-time-point experiment spanning 3-56 dpi, termed 'Time course', and a replicated three-time-point experiment comprising 7, 13 and 56 dpi, termed 'Replicated dataset'. Variation among replicates is expressed as the standard error. (C) Normalized transcription profiles of all Z. tritici genes based on the six-time-point experiment were clustered using self-organizing maps. A robust clustering algorithm was used to identify seven main transcription profile clusters. The transcription profile clusters were characterized according to peak transcription and assigned to the different stages of the infection. Standard errors show variation among the genes included in each cluster. (D) For each of the seven main transcription profile clusters, the number of genes and the percentage of genes for which a secretory function was predicted (Morais do Amaral et al., 2012) are shown.
assess the robustness of the clustering based on six time points. We performed a robust k-means clustering and identified six wellsupported expression clusters ( Fig. S1 , see Supporting Information). A comparison between the expression clusters identified for the six-time-point and replicated three-time-point datasets showed that the assignment of genes to clusters was highly reproducible between the two independent datasets (Fig. S1 ).
The earliest expression cluster showed a peak up-regulation at 3 dpi (1551 genes) corresponding to the initial colonization of the host (Fig. 1 ). At 7-11 dpi, there were two distinct clusters of 853 and 1166 up-regulated genes, respectively, corresponding to late stages of symptomless growth in the host tissue. We identified three transcription profile clusters with 1335, 1078 and 1158 genes, respectively, corresponding to the early, middle and late stages of necrotrophic growth. The largest transcription profile cluster was found to be specific to the late saprotrophic growth phase with 1734 genes (Fig. 1D ).
Transcripts encoding predicted secretion functions comprise 8.3% of the Z. tritici transcriptome (Morais do Amaral et al., 2012) . During the different infection stages, the percentage of up-regulated genes encoding secreted proteins changed according to the infection phase. The highest percentage of secreted proteins was found during the transition to the necrotrophic stage of infection (Fig. 1D ). The transcription profile clusters for the biotroph-necrotroph transition and early necrotrophic phases contained 135 and 138 genes encoding secreted proteins, respectively. The lower percentage of secreted proteins (n 5 51 secreted proteins) found during late biotrophic growth may reflect the fact that the secretion of proteins increases the risk of pathogen detection by host resistance proteins.
The lowest percentage of secreted proteins was observed for genes up-regulated during necrotrophic growth (11-14 dpi; n 5 57 secreted proteins). Although protein secretion related to feeding (i.e. hydrolytic enzymes) is important during this stage, the transcriptional peak of many genes encoding short secreted peptides was immediately prior to the 11-14-dpi necrotrophic period (see below).
Lifestyle transitions during infection are reflected in the distinct expression of gene categories
The lifestyle transitions during a Z. tritici infection probably require different categories of genes to be expressed at each stage of the infection. Gene ontology (GO) enrichment analyses showed that the earliest time point of 3 dpi was characterized by an overrepresentation of up-regulated genes involved in lipid metabolism, stress response and response to stimulus (Fig. 2) . Encoded proteins associated with the membrane were similarly overrepresented. Later stages of biotrophy were characterized by an up-regulation of proteins involved in cell differentiation, growth and regulatory functions. Interestingly, proteins related to sexual reproduction, including meiosis and sporulation (sexual or asexual), were also over-represented, although the teleomorph is not expected to begin to form until approximately 30 dpi. The onset of necrotrophy was characterized by the initiation of metabolic processes, as well as processes localizing to the nuclear lumen, including transcription activation. During the late stages of necrotrophy, gene expression, cell cycle activation, protein maturation and intracellular transport dominated. Saprotrophy was dominated by cellular growth (e.g. cytoskeleton organization) and the production of secondary metabolites. The enrichment in the secondary metabolite GO terms was driven mainly by nonribosomal peptide synthases and components of polyketide synthase gene clusters.
Stages of the infection cycle are characterized by distinct groups of highly up-regulated genes
We examined the lists of the top up-regulated genes for each cluster, and discuss notable characteristics of each stage of the infection process. Among the top 100 genes showing peak transcription at 3 dpi (early biotrophic cluster, Table S1 , see Supporting Information), the most prevalent annotation was for chloroperoxidases, with a total of six genes with this annotation showing high expression at this stage. Chloroperoxidases comprise a peroxidase and catalase activity involved in the catalysis of halogenation reactions. Chloroperoxidases are known to play a role in secondary metabolite production and modification (Neumann et al., 2008) . The high expression of these proteins at this early time point suggests that they play a role in the facilitation of the establishment of the fungus in the plant during the early stage of infection. Two genes encoding hydrophobins appeared near the top of this list. Hydrophobins may be involved in spore adhesion to the leaf surface (Tucker and Talbot, 2001) . Two genes encoding homologues of GPR34 proteins were also highly expressed. GPR34 proteins constitute integral membrane proteins that sense molecules outside the cell and activate signal transduction pathways and, ultimately, cellular responses (Makide and Aoki, 2013) . A number of genes encoding enzymes involved in lipid and fatty acid metabolism were also highly expressed at this stage. The encoded proteins include a lipid transfer protein, a fatty acid hydrolase and a secreted lipase. These findings indicate that the fungus is using its own lipid reserves during spore germination, as suggested previously in the transcriptomic study of the IPO323 strain (Rudd et al., 2015) . However, the high expression of a secreted lipase suggests that the fungus may also be feeding from lipids present on the leaf surface or apoplast (Pollard et al., 2008; Reina-Pinto and Yephremov, 2009 ). The high expression of genes encoding enzymes involved in alcohol metabolism, including alcohol dehydrogenase, aldehyde dehydrogenase and aldehyde reductase, suggests that the fungus needs to metabolize the alcohols generated during lipid metabolism. The most abundant up-regulated genes at 7 dpi encode oxidoreductases (late biotrophic cluster, Table S2 , see Supporting Information). Oxidoreductases play a major role in basic metabolism and oxidative phosphorylation, but may also play an important role in the protection from reactive oxygen species and secondary metabolite production and degradation (Keller et al., 2005) . Fatty acid desaturases and sterol desaturases were also highly up-regulated at the late biotrophic stage, together with alcohol dehydrogenases, suggesting that the fungus may still be using its own lipid reserves 1 week after entering the plant. Interestingly, genes encoding proteins involved in post-transcriptional modifications were highly represented in this list, including tRNA splicing proteins (responsible for intron splicing), RNA helicase (essential for most processes of RNA metabolism, such as ribosome biogenesis, pre-mRNA splicing and translation initiation), Ribonucleoprotein (RNP) domain protein (processing and transport of mRNA precursors) and rRNA processing protein (efficient processing of rRNA), suggesting high post-transcriptional activity in the pathogen at this pre-symptomatic stage of infection.
The largest fraction (23%) of the top up-regulated genes between 7 and 11 dpi, coinciding with the transition from biotrophic to early necrotrophic growth, consists of uncharacterized secreted proteins. Three putative effectors, MgECP2 (Stergiopoulos et al., 2010) , MgTrp18 and MgTrp21 (Rudd et al., 2010) , were among the top 100 genes in this list (the biotroph-necrotroph cluster, Table S3 , see Supporting Information). Heat shock proteins and chaperones were also highly expressed at this time point, suggesting that these proteins play a role in protecting the fungus from antifungal compounds produced by the plant (Panaretou and Zhai, 2008) . A large number of genes associated with fungal growth and cell proliferation were also highly up-regulated at the biotroph-necrotroph transition. This group of genes included elongation factors involved in protein synthesis during cell division, CDC48 involved in cell division, a gene involved in ribosome biogenesis and a translation initiation factor, consistent with high levels of protein translation at this stage of infection. Genes encoding three carboxypeptidases and one aspartyl protease were among the most highly transcribed. A high protease activity during this stage of infection was also found in a separate analysis focused on genes encoding proteases (Fig. 3A) . Proteases may be involved in obtaining nutrients from the degradation of plant proteins present in the apoplast, as suggested previously (Goodwin et al., 2011) .
Among the top 100 genes showing a peak of transcription at 11 dpi (early necrotrophic stage), we found the well-characterized LysM effectors (Mg1LysM and Mg3LysM). At this stage, we found the largest proportion of secreted proteins of unknown function among the top 100 up-regulated genes (26%, early necrotrophic cluster, Table S4 , see Supporting Information). Many ribosomal proteins and an elongation factor were among the most highly expressed genes at this time point, consistent with active fungal growth. The high transcription of genes encoding cytochrome p450 and cytochrome mitochondrial precursors, peroxidases and a catalase suggests that the encoded proteins may be involved in the detoxification of the reactive oxygen species produced by the plant at this stage. The production of reactive oxygen species by the plant during the susceptible interaction has been reported to resemble programmed cell death (Keon et al., 2007) . Genes encoding sugar, amino acid, ammonium, oligopeptide and major facilitator superfamily (MFS) transporters were also highly upregulated, suggesting an increase in nutrient uptake by the fungus during the transition to necrotrophy.
Interestingly, we did not find any uncharacterized secreted proteins among the top 100 up-regulated genes between 11 and 14 dpi (necrotrophic cluster, Table S5 , see Supporting Information). Most up-regulated genes encoding uncharacterized secreted proteins showed a transcriptional peak earlier in the infection process. Genes encoding several ribosomal proteins, elongation factors, translation initiation factors and a CDC42 protein were highly up-regulated, consistent with the high levels of protein translation at this stage of the infection cycle. The up-regulation of a gene encoding b-tubulin and a gene encoding a T-complex 1 protein involved in tubulin folding suggests that the fungus accelerated mycelial growth during this phase of the infection, consistent with the predicted rapid increase in fungal biomass estimated from the increase in fungal read alignment rates (Fig. 1) . Genes encoding a superoxide dismutase, which catalyses the conversion of the toxic superoxide (O 2 2 ) radical into either ordinary molecular oxygen (O 2 ) or hydrogen peroxide (H 2 O 2 ), and a cytochrome p450 monooxygenase involved in oxygen reduction were among the top up-regulated genes, suggesting that the fungus was defending itself against active oxygen species produced by the host.
Genes encoding ribosomal proteins, elongation factors and actin were highly up-regulated at 14 dpi (late necrotrophic cluster, Table S6 , see Supporting Information). This indicates high levels of translation and active fungal growth at this stage. Genes encoding enzymes involved in carbohydrate degradation and peptidases were also highly up-regulated at this time point, consistent with the pathogen actively feeding on dead plant tissue.
During the late saprotrophic stage (saprotrophic cluster, Table  S7 , see Supporting Information), we found genes encoding ribosomal proteins, elongation factors and translation initiation factors to be highly up-regulated, indicating active fungal growth. Genes coding for glycoside hydrolases and proteases probably play a role in obtaining nutrients from dead plant tissue at this late stage of infection. Different dehydrogenase genes were also highly upregulated, including a mannitol dehydrogenase, an enzyme that has been reported to play a role in asexual sporulation in the wheat pathogen Parastagonospora nodorum (Solomon et al., 2006) . These results are consistent with those obtained by Rudd et al. (2015) , which included transcriptomic data up to 21 dpi. The final stage of the infection cycle was characterized by asexual reproduction (formation of pycnidia) on dead leaf tissue.
Concerted transcriptional regulation of genes encoding proteases, peroxidases, lipases and cell wall-degrading enzymes during biotrophic and necrotrophic stages
We conducted more detailed analyses on different gene categories associated with fungal virulence. The first group of genes analysed encodes secreted hydrolytic enzymes. These enzymes play many important roles in plant-pathogenic fungi during the infection process. Our analyses included proteases, peroxidases, plant cell wall-degrading enzymes (PCWDEs) and lipases.
Proteases constitute a group of enzymes that is expanded in the Z. tritici genome compared with other fungal plant pathogens (Goodwin et al., 2011) . Proteases have been proposed to play a role in nutrition during the asymptomatic phase of infection by allowing the fungus to feed on plant proteins available in the apoplast. We found that the expression of proteases was specific to different stages of the infection. By plotting the average normalized expression values for all proteases for each time point, we observed that the peak of expression was at 11 dpi, at the initiation of the necrotrophic stage, suggesting an important role in host protein degradation during the attack on plant cells (Fig. 3A) . Interestingly, many aspartic proteases showed high expression during the asymptomatic phase (7 dpi). These aspartic proteases may play a role in nutrient acquisition from apoplastic proteins during the biotrophic phase, as proposed previously (Goodwin et al., 2011 ). An alternative explanation is that these proteins play a defensive role by inactivating pathogenesis-related (PR) proteins, which are part of the plant's basal defences (Edreva, 2005) . The use of pathogen proteases to inactivate host basal defences would fit the model of latent necrotrophy recently proposed for Z. tritici (Sanchez-Vallet et al., 2015) . This model is also supported by the fact that none of the other groups of secreted hydrolytic enzymes considered in our analyses are highly expressed during the biotrophic phase, suggesting that nutrient acquisition is not very active during the asymptomatic phase. Proteases showed generally lower expression during the saprotrophic stage, indicating that they are unlikely to play an important role during the late stages of the infection.
We also examined the transcription profiles of genes encoding peroxidases. Our analyses showed that these were highly upregulated during the biotrophic phase between 3 and 7 dpi, with the most abundant class being chloroperoxidases (Fig. 3B ). Chloroperoxidases constitute an expanded protein family in the Mycosphaerellaceae (Morais do Amaral et al., 2012). Five of the chloroperoxidase genes showed transcription values of more than 5000 reads per kilobase of transcript per million mapped reads (RPKM), indicating a strong induction of these genes during biotrophy. We hypothesize that these chloroperoxidases protect the fungus from reactive oxygen species or contribute to secondary metabolite production (Neumann et al., 2008) .
In contrast with proteases and peroxidases, genes encoding PCWDEs are much reduced in the Z. tritici genome compared with the genomes of other fungal pathogens (Goodwin et al., 2011; Morais do Amaral et al., 2012) . The expression of PCWDEs during the Z. tritici infection cycle is complex and has been characterized with respect to life cycle specialization (Brunner et al., 2013) . Genes encoding PCWDEs were generally down-regulated during the biotrophic stage, with the lowest average normalized transcription value at 7 dpi, followed by a peak of expression at 11 dpi (Fig. S2) . The peak of expression at 11 dpi coincides with the initiation of the necrotrophic stage during which PCWDEs play an important role. a-Amylases, a protein family expanded in the Z. tritici genome which has also been proposed to play a role in nutrition during the asymptomatic phase (Goodwin et al., 2011) , showed peaks of transcription during the necrotrophic and saprotrophic stages, consistent with a major role in starch degradation.
Lipases are involved in lipid and fatty acid degradation and may contribute to virulence in addition to their role in nutrition (Subramoni et al., 2010) . We found that the 29 secreted lipases of Z. tritici (Morais do Amaral et al., 2012) showed expression patterns that were specific to different infection stages (Fig. 4) . The highest average transcription values for genes encoding secreted lipases were observed during the early biotrophic (3 dpi) and necrotrophic (11-14 dpi) stages of infection. This suggests that these proteins may be involved in nutrient acquisition during spore germination on the plant surface (3 dpi) and in lipid degradation during the necrotrophic phase. Genes encoding cutinases showed weak transcription during the early biotrophic stage, which fits with the model of plant penetration via stomata instead of direct penetration through the cuticle (Kema et al., 1996) .
In summary, our transcriptomic analyses showed that a concerted action of proteases, PCWDEs and lipases was initiated between 7 and 11 dpi, coinciding with the onset of necrotrophy and the attack on plant cells. However, each group of enzymes showed distinct transcriptional profiles during the infection process, indicating a complex interplay between pathogen virulence and nutrient acquisition functions at each of the infection stages.
Synchronicity of genes involved in sexual reproduction and virulence progression
Sexual fruiting bodies of Z. tritici, known as pseudothecia, are produced within wheat leaf lesions (Kema et al., 1996) , but have not been observed until 30-35 dpi, suggesting that the mating process may be synchronized with the local depletion of nutrients that follows the formation of the more numerous asexual pycnidia fruiting bodies. To study the synchronicity in more detail, we analysed the transcriptional profile of the genes involved in various stages of sexual reproduction. The repertoire of genes involved in mating has not yet been studied in detail in Z. tritici; hence, we identified homologues in Z. tritici based on the well-characterized mating gene repertoire of the model fungus Aspergillus. Although a number of these genes are not specific to sexual reproduction in Aspergillus, deletion of these genes leads to an impairment of sexual reproduction (Dyer and O'Gorman, 2012) . The genes involved in sexual reproduction in Aspergillus are divided into five categories: perception of environmental signals, mating processes and signal transduction, transcription factors and other regulatory proteins, endogenous physiological processes, and ascospore production and maturation (Figs 5 and S3, see Supporting Information) . Most genes involved in the perception of environmental signals, including response to light, nutrients and different stresses, showed a peak of transcription during the early biotrophic stage (Fig. S3) . Most of the genes in the other four categories showed a transcription peak late in the necrotrophic stage at 14 dpi, coinciding with the formation of the first asexual fruiting bodies (Figs 5 and S3 ). Interestingly, genes responsible for the activation of the mating process, such as the pheromone receptor gprA and several proteins in the mitogen-activated protein (MAP) kinase cascade triggering sexual development (STE7, SteA, SteC/ steB and ste50), were most strongly transcribed during the late necrotrophic stage (Fig. 5) . These results strongly suggest that the activation of mating is synchronized with the activation of the necrotrophic stage, rather than with the depletion of nutrients that occurs during the saprotrophic stage. The relatively early activation of genes involved in sexual reproduction suggests that compatible Z. tritici strains co-infecting a leaf could engage in mating soon after the onset of necrosis.
Intraspecific variability in transcription profiles during infection
Zymoseptoria tritici exhibits significant intraspecies variability in the severity of disease symptoms caused on the host ( McDonald, 2014; Zhan et al., 2007) , probably reflecting the high degree of genetic polymorphism found among isolates (Zhan et al., 2003) . To obtain a first measure of the degree of intraspecific variation in the transcriptome, we performed comparative transcriptomics of 3D7 against the previously reported infection transcriptome of the reference genome isolate IPO323 (Rudd et al., 2015) . The infection experiments were sampled at overlapping time points. Isolate 3D7 (this study) was sampled at 3, 7, 11, 14, 21 and 56 dpi on the winter wheat cultivar Drifter. Isolate IPO323 was sampled at 1, 3, 9, 14 and 21 dpi on the winter wheat cultivar Riband. To compare similar stages during the infection, we considered only time points from 3 to 21 dpi. We used the read alignment rate against the reference genome as a proxy to track the stages of the infection, as the alignment rate was shown to be a good predictor of fungal biomass accumulation ( Fig. 6A) (Rudd et al., 2015) . Both 3D7 and IPO323 infection time courses showed initial increases in read alignment rates at 7 and 9 dpi, respectively. Both isolates showed a strong increase in the read alignment rates at 14 dpi, and a levelling off at 21 dpi. Therefore, the progression in infection is largely comparable between the two experiments.
We compared the transcription profiles between isolates for 49 genes encoding short secreted proteins (SSPs) containing at least 5% cysteine (Morais do Amaral et al., 2012) . Overall, the SSP transcription profiles were highly correlated and peak transcription most often occurred between 7 and 11 dpi (Fig. 6B) . Both 3D7 and IPO323 shared a cluster of non-transcribed SSPs, suggesting that members of this cluster may be pseudogenes or may not be involved in the infection process (Fig. 6B) . Three SSPs showed very distinct transcription profiles between 3D7 and IPO323 (difference in peak RPKM of greater than 1000; Fig. 6C ).
The SSP-encoding gene 104383 showed strong up-regulation at 9 dpi in IPO323, but only weak up-regulation (<5 RPKM) in 3D7. Using the replicated dataset available for 3D7, we confirmed that RPKM values for 104383 were <13 in all replicates of all assayed time points. For SSPs 100649 and 107286, isolate IPO323 showed strong up-regulation at 9 dpi, but no transcription was detected for isolate 3D7. We investigated whether the lack of transcription was caused by a deletion of the SSPs 100649 and 107286 in 3D7. In the analysis of whole-genome sequencing data for 3D7 , we found no reads unambiguously aligning to either gene 100649 or 107286. Hence, both of these SSPs are valuable candidates to identify differences in pathogenicity among the strains caused by deletions of genes encoding secreted proteins.
We investigated correlations in transcription profiles between 3D7 and IPO323 for two important categories of genes related to pathogenicity. We aimed to reduce biases caused by two factors, namely the asynchronicity between the infection course of the 3D7 and IPO323 experiments and biological variation not captured in the 3D7 time course experiment. Therefore, we only considered the peak RPKM detected in either experiment. We found that PCWDEs, including a-amylases, cellulases, hemicellulases and pectinases, were strongly correlated (Fig.  7A ) between the two analysed isolates. This suggests that a core set of PCWDEs is essential for successful infection, and transcription profiles are largely conserved among members of the species. A notable exception was the hemicellulase 96505, which was found to be missing from the transcriptome of isolate 3D7, but was up-regulated in IPO323. Analyses of genomic sequences showed that 96505 was deleted in the genome of 3D7. The hemicellulase 111130 showed weak transcription (maximum of 6 RPKM) in 3D7, but stronger transcription in Mating processes and signal transduction 98304 5 Heatmap of the normalized expression values of genes predicted to be involved in mating processes and signal transduction (Dyer and O'Gorman, 2012) . Yellow indicates up-regulation, blue indicates down-regulation and black indicates the background expression level for a gene.
IPO323 (89 RPKM). Similar to the pattern for PCWDEs, transcription profiles of proteases were largely conserved between isolates 3D7 and IPO323 (Fig. 7B ). Proteases with high peak transcription profiles were shared between the two isolates. However, the subtilisin-like protease/serine protease 72659 showed a notable difference between 3D7 (879 RPKM) and IPO323 (69 RPKM). We confirmed the transcriptional patterns of 72659 and 111130 by analysing their RPKM profiles in the replicated dataset available for 3D7.
CONCLUSIONS
In this study, we have demonstrated the dynamic nature of a fungal transcriptome during the infection process. We characterized Days post-infection(dpi) Fig. 6 Comparative infection transcriptomic analyses of the Zymoseptoria tritici reference genome isolate IPO323 (Rudd et al., 2015) and the Swiss isolate 3D7. As isolate IPO323 was assayed at 1, 4, 9, 14 and 21 dpi and 3D7 was assayed at 3, 7, 11, 14, 21 and 56 dpi, we included infection time points spanning 3 to 21 dpi for robust transcriptomic comparisons. (A) Analysis of the synchronicity between the infection assays performed for each of the two isolates. RNAseq reads originating from both fungal and wheat transcripts were aligned against the IPO323 reference genome of Z. tritici. The percentage of aligned reads is indicative of the fungal biomass accumulation in infected leaves (Rudd et al., 2015) . the transcriptional remodelling occurring during the infection cycle of a highly virulent strain of Z. tritici. We identified gene transcription profiles characterizing early biotrophy to late stages of saprotrophic growth. Each transcription profile cluster contained a set of genes indicative of the complex remodelling during the transitions from the latent period (or biotrophy) to necrotrophy and saprotrophy. Genes encoding secreted hydrolytic enzymes and peroxidases showed transcriptional profiles consistent with Fig. 7 Comparative transcriptomics of specific gene categories between the Zymoseptoria tritici reference genome isolate IPO323 (Rudd et al., 2015) and the Swiss isolate 3D7. Infection time points spanning 3 to 21 dpi were included in the comparisons, and the peak transcription (in reads per kilobase of transcript per million mapped reads (RPKM)) was recorded for each gene and compared between the two isolates. important roles in tolerating plant defence mechanisms, initiating necrosis and feeding on host tissue. We identified orthologues to genes involved in sexual reproduction and found that their transcriptional activity was synchronized with the onset of necrotrophy. Our intraspecific comparative transcriptomics analyses showed the conservation of major virulence components among different pathogen genotypes infecting different winter wheat cultivars.
We also identified SSPs, proteases and PCWDEs with strongly differentiated transcriptional profiles between genotypes, which were partially caused by gene deletion polymorphism segregating within the species. Our study showed that differences in the infection transcriptome among distinct isolates were caused both by variation in gene content and regulatory differences. Future largescale comparative transcriptomics studies will disentangle the effects caused by fungal and host genotype by comparing infections by genetically different isolates on hosts differing in resistance loci complements.
EXPERIMENTAL PROCEDURES
Plant infection and RNA extraction
The Swiss Z. tritici strain ST99CH_3D7 (abbreviated 3D7) was collected from a Swiss wheat field in 1999. The genome of 3D7 was resequenced and analysed for gene and chromosomal polymorphism Torriani et al., 2011) , as well as for the transcriptional regulation of cell wall-degrading enzymes (Brunner et al., 2013) . For this study, the strain 3D7 was used to infect the susceptible wheat cultivar Drifter. Pathogen inoculum was prepared by growth in 50 mL of yeast sucrose broth for 6 days. After centrifugation at 2830 g for 10 min at room temperature, the spore pellet was washed to remove traces of broth, resuspended in 20 mL of double-distilled H 2 O and the spore concentration was determined using a Thoma haemocytometer. Three-week-old Drifter plants grown in a glasshouse under 16 h of light, 70% humidity, a day temperature of 18 8C and a night temperature of 15 8C were inoculated with 120 mL of a spore suspension (10 6 spores/mL) containing 50 mL Tween. The second leaf on three different inoculated plants was harvested at 3, 7, 11, 13, 14, 21 and 56 dpi (Fig. 1A) . Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA) following the manufacturer's recommendations.
Library preparation and sequencing
RNA quality was checked using a Qubit Fluorometer (Life Technologies, Carlsbad, CA, USA) and a Bioanalyzer 2100 (Agilent, Waldbronn, Germany). All samples showed a 260 : 280 ratio between 1.8 and 2.1 and a 28S : 18S ratio of 1.5-2.0. The TruSeq RNA Sample Prep Kit v2 (Illumina Inc., San Diego, CA, USA) was used for library preparation. Samples were sequenced on an Illumina HiSeq 2000 paired-end at 2 3 101 bp using a TruSeq SBS Kit v3-HS (Illumina, Inc. San Diego, CA, USA).
All raw sequencing data were deposited at the National Center for Biotechnology Information (NCBI) Short Read Archive under the project SRP061444. The time course and replicated sets are accessible under experiments SRX1116288 and SRX1116289, respectively.
Transcriptomic mapping and quantification
Raw Illumina reads were quality trimmed and filtered for adapter contamination using Trimmomatic v. 0.32 (Bolger et al., 2014) with the following settings: 'ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 LEADING:10 TRAILING:10 SLIDINGWINDOW:5:10 MINLEN:50'. Filtered reads were aligned to the IPO323 reference genome using the transcriptomic aligner tophat v. 2.0.13 (Trapnell et al., 2009) . The reference genome sequence and annotation were retrieved from Ensembl release 25 (accessed January 2015). Tophat was run using default settings, except for minimum and maximum intron sizes (-min-intron-length 10; -max-intron-length 5000). We quantified reads overlapping annotated transcripts of IPO323 using HTSeqcount, requiring a minimum alignment quality of 10 and setting the matching mode to 'union' (Anders et al., 2015) .
Read counts for each transcript were normalized across replicates and time points using edgeR (Robinson et al., 2010) . For time points at which three biological replicates were sequenced (7, 13 and 56 dpi), sets of differentially expressed genes were identified using the exactTest function, which tests for mean differences between sets of negative binomially distributed counts. We used the Benjamin-Hochberg false discovery rate (FDR) correction to account for multiple comparisons. The expression values obtained by HTSeq-count were normalized and clustered using Clus-ter3 (de Hoon et al., 2004) . The data were log transformed, centred and normalized (mean equals 0 and sum of squares equals 1). Java Treeview (Saldanha, 2004) was used to visualize the results from cluster analyses and to generate the final heatmaps.
For comparative transcriptomics analyses, raw RNAseq data generated for the transcriptomics study of the reference genome isolate IPO323 (Rudd et al. 2015) were accessed from the NCBI Short Read Archive (SRA study accession ERP009837). We included only RNAseq data from the wheat infection assay on cultivar Riband and excluded replicate number 3 from further analyses following the same procedure as Rudd et al. (2015) , because replicate 3 tracked significantly faster than replicates 1 and 2. We processed all IPO323 RNAseq data identically as described above for isolate 3D7. However, read normalization and RPKM calculations were performed on all 3D7 and IPO323 data jointly.
Transcription profile clustering
We used SOMs to cluster transcription profiles during the six time points of the time course experiment. RPKM values were normalized (mean equals 0 and variance equals 1) and clustered using the som function in the R package som Jun Yan (2010). som: Self-Organizing Map. R package version 0.3-5. http://CRAN.R-project.org/package=som. We predefined an 8 3 8 grid to group transcription profiles. The resulting 64 transcription profile cells were clustered using the Calinski criterion to evaluate the optimal cluster number of SOM cells. We found that nine SOM cell clusters optimally predict the different transcription profile patterns. Two SOM cell clusters were discarded because of low numbers of transcripts and weak consistency among the transcription profiles.
GO enrichment analyses
We used a local install of a BLAST2GO database to annotate IPO323 reference genes according to BLASTX results. BLASTX was performed on the NCBI non-redundant protein database subset for fungal sequences (accessed January 2015). The latest GO databases were downloaded in January 2015 and run using the BLAST2GO command-line interface using default parameters (Conesa et al., 2005) . Enrichment of GO terms was assessed for each of the transcription profile clusters using hypergeometric tests with a false discovery rate set to 0.05. GO term sizes were set to contain at least five members in the IPO323 genome to be included in the analyses. All enrichment analyses were performed using the R packages GSEA-Base and GOstats (Falcon and Gentleman, 2007) .
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Fig. S1 Assessment of the reproducibility of the transcription profile clustering. An identical robust k-means clustering was performed on both the replicated three-time-point and six-timepoint experiments. The transcription profile clustering for the three replicated time points identified six robust clusters that were ordered according to their peak transcription, and is shown on the y-axis. Transcription profile clustering for the six time points is shown on the x-axis. The heatmap shows the gene counts in overlaps according to the cluster assignments. Fig. S3 Heatmap of the normalized expression values of additional gene categories predicted to be involved in mating and sexual reproduction. Four categories (Dyer and O'Gorman, 2012) are shown: perception of environmental signals, transcription factors and other regulatory proteins, endogenous physiological processes, and ascospore production and maturation. Yellow indicates up-regulation, blue indicates down-regulation and black indicates the background expression level for a gene. Table S1 Top 100 genes most highly expressed at the early biotrophic stage. Table S2 Top 100 genes most highly expressed at the late biotrophic stage. Table S3 Top 100 genes most highly expressed during the transition from the biotrophic stage to the necrotrophic stage. Table S4 Top 100 genes most highly expressed at the early necrotrophic stage. Table S5 Top 100 genes most highly expressed during the transition from early to late necrotrophy. Table S6 Top 100 genes most highly expressed at the late necrotrophic stage. Table S7 Top 100 genes most highly expressed at the saprotrophic stage.
